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This  report  covers  the  activity  in  the  second  half  of  the  program. 

During  the  first  half  of  the  program  a number  of  Optical  Resonance  Trans- 
fer Laser  (ORTL)  systems  were  investigated.  This  work  was  discussed 
in  detail  in  the  Mid-Term  Technical  Report,  and  included  investigation  of 
the  HF/DF,  HF/HC1  and  HF/HCN  intermolecular  ORTL  systems  as  well  as 
the  intramolecular  HF  ORTL  system.  As  a result  of  that  work  and  potential 
efficiency  estimates,  the  second  half  of  the  program  concentrated  on  the 
intramolecular  HF  ORTL  system.  The  effort  reported  here  included  a 
Characterization  Task,  a Chemical  Laser/ ORTL  Dynamics  Task,  and  an 
ORTL  Beam  Quality  Task.  The  results  of  these  experimental  efforts  are 

discussed  in  Volume  1.  The  activity  in  a concurrent  Scaling  Analysis  Task 
is  discussed  in  Volume  2. 


Three  different  ORTL  geometries  were  used  in  the  Characterization 
Task  and  systematic  variations  in  ORTL  pressure,  flow  velocity,  and 
medium  composition  were  made.  Different  ORTL  cell  volumes  were 
utilized  and  the  chemical  laser  pump  beam  characteristics  were  varied. 
The  highest  measured  ORTL  output  power  was  135  watts  corresponding  to 
a 29  percent  overall  efficiency  of  conversion  of  available  pump  power  to 
coherent  ORTL  power.  A more  fundamental  quantity  is  the  conversion 
efficiency  of  absorbed  power  to  coherent  ORTL  power.  The  maximum 
observed  value  for  this  quantity  was  83  percent. 

Initial  temporal  characterization  of  the  intracavity  ORTL  configuration 
wa  performed.  The  ORTL  and  chemical  laser  outputs  were  monitored  and 
the  <.  -lical  laser  output  temporal  characteristics  were  not  affected  by  the 
presence  of  an  absorbing  ORTL  medium.  The  ORTL  output  characteristics 
were  similar  to  those  from  an  extracavity  ORTL  operating  at  a similar 
level  above  threshold.  Initial  ORTL  output  beam  quality  measurements 
were  made  and  diffraction  limited  performance  was  observed. 
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1.0  INTRODUCTION 


High  energy  chemical  lasers  should  exhibit  near  diffraction  limited 
beams  in  order  to  generate  maximum  target  irradiance  levels  at  minimum 
size  and  weight.  Because  of  problems  associated  with  maintaining  the 
chemical  laser  medium  homogeneity  and  with  the  complexity  of  the  resonator 
design  of  the  cylindrical  chemical  laser  configuration,  it  is  difficult  to 
achieve  near  diffraction  limited  beams  directly.  One  promising  approach 
to  solving  this  problem  is  to  use  the  high  energy  chemical  laser  as  an  optical 
pump  for  exciting  a second  laser  applying  the  Optical  Resonance  pumped 
Transfer  Laser  (ORTL)*  technique.  With  this  technology,  the  original 
stringent  mode  and  medium  requirements  on  the  high  energy  chemical  laser 
are  significantly  relaxed  and  the  cylindrical  chemical  laser  resonator 
arrangement  simplified.  Because  the  role  of  the  chemical  laser  is  reduced 
to  that  of  a source  of  optical  power  only,  multi-mode  characteristics  of  the 
chemical  laser  are  no  longer  detrimental.  The  output  beam  control  function 
of  the  total  laser  system  is  transferred  in  this  new  approach  to  the  second 
laser,  the  ORTL.  The  two  functions  of  the  laser  system,  to  generate  power 
and  to  concentrate  that  power  into  a highly  confined  beam,  are  separated. 

Of  course,  the  premise  that  is  fundamental  to  the  ORTL  approach  to  high 
energy  laser  system  optimization  is  that  each  of  the  two  functions  can  be 
solved  separately  in  a mure  optimum  way,  so  that  better  far  field  target 
irradiance  can  be  achieved  by  the  chemical  laser/ORTL  system  than  by 
directly  focusing  the  same  primary  chemical  laser  power  onto  the  target. 

The  interrnolecular  ORTL  technique  as  originally  demonstrated  made 
use  of  two  molecules,  a donor  and  an  acceptor,  as  the  active  ORTL  medium, 
flowing  in  a helium  diluent.  The  chemical  laser  (DF)  served  as  the  optical 
pump  exciting  the  donor  (DF)  molecules  in  the  ORTL  cell.  This  donor  then 
colli  sionally  transferred  its  energy  to  an  acceptor  (CO2)  molecule  which 


"J.H.S.  Wang,  J.  Finzi,  and  F.N.  Mastrup.  Appl.  Phys.  Lett.  3J . 
35  (1977). 


then  became  the  active  laser  molecule  for  the  ORTL.  Subsequent  to  the 
original  DF/CO2  (10.6  H1*  demonstration,  this  technique  was  extended  to 
DF  /HBr  (4.1  p ) and  J F /N2O  (10.8  p)  sy  stem  s . * In  add  it  ion.  a similar 
process  in  which  only  one  molecule  (DF)  was  present  in  the  ORTL  cell  was 
demonstrated.  In  this  intramolecular  DF  ORTL  system,  the  DF  molecule 
served  as  both  donor  and  acceptor.  The  DF  molecules  absorbed  on  the 
transition  of  the  chemical  pumping  laser  and  excita'ion  from  one  vibrational 
band  to  a higher  band  was  achieved.  Then,  the  energy  was  redistributed 
among  the  rotational  levels  of  each  vibrational  band  as  the  systems  approached 
rotational  equilibrium.  As  this  occurred,  population  inversions  on  non- 
pumped  vibration-rotational  transitions  were  achieved  and  laser  oscillation 
occurred.  There  was,  of  course,  a slight  wavelength  shift. 

The  issues  that  must  be  addressed  before  either  ORTL  approach  can 
become  a practicable  and  preferred  solution  to  the  high  energy  cylindrical 
laser  beam  control  problem  are  whether  very  high  conversion  efficiency  from 
multi -line  HF  or  DF  chemical  laser  power  to  ORTL  power  is  achievable, 

■•'  d whether  adequate  medium  homogeneity  to  permit  the  extraction  of  near 
d'ffraction  limited  beams  at  realistically  scaled  output  power  levels  is  pos- 
sible. In  order  to  gain  the  detailed  technical  understanding  with  which  to 
address  these  issues,  the  High  Energy  ORTL  Study  was  performed. 

Because  the  primary  interest  for  DARPA  applications  is  in  HF  lasers,  it 
was  decided  that  the  program  would  concentrate  on  I IF  laser  pumped 
systems.  Prior  work  had  dealt  exclusively  with  DF  laser  pumped  systems. 

The  primary  objective  of  this  program  was  the  development  of  a detailed 
understanding  of  the  ORTL  technique  through  properly  chosen  laboratory 
experiments  and  analysis  of  the  results.  This  study  was  an  experimental 
one,  not  an  analytical  one.  An  associated  goal  of  the  program  was  the 
application  of  the  attained  understanding  to  the  assessment  of  the  potential 
of  the  technique  for  DARPA  application  through  scaling  analysis. 


'Hughe s IR&rD,  1978 

4.3  Micrometer  Laser  Demonstration  Experiment,  Contract  No. 

N00173-77-C-0174,  Final  Report,  December,  1977. 
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The  program  was  structured  with  five  tasks.  The  initial  task  was  an 
experimental  screening  of  candidate  ORTL  systems  with  the  objective  of 
selecting  a single  system  for  concentrated  investigation  during  the  remain- 
der of  the  program.  Three  new  ORTL  systems  were  demonstrated  in  that 
task.  The  intramolecular  I1F  ORTL  and  the  intermolecular  HF/DF  and 
1IF/HCN  ORTL  systems  were  demonstrated.  The  results  of  this  task  were 
reported  in  the  Mid-Term  Technical  Report*  and  will  not  be  discussed 
here.  Because  intramolecular  rotational  redistribution  is  much  faster  than 
intermolecular  V- V collisional  energy  transfer,  the  intramolecular  ORTL 
possesses  an  inherent  efficiency  advantage.  The  expected  efficiency  advan- 
tage was  observed  in  the  Screening  Task  experiments,  and  the  HF  intra- 
molecular ORTL  system  was  selected  as  the  one  to  be  studied  during  the 
second  half  of  the  program. 

During  the  second  half  of  the  program  three  experimental  tasks  were 
completed.  These  were  the  IIF  ORTL  Characterization  Task,  the  Chemical 
Laser/ORTL  Dynamics  Task,  and  the  ORTL  Output  Beam  Quality  Task. 

The  results  of  these  efforts  are  discussed  in  Volume  I.  In  addition  to 
the  experimental  work,  a Scaling  Analysis  Task  was  completed;  this  effort 
is  discussed  in  Volume  II.  The  experimentally  achieved  overall  efficiency 
(ORTL  coherent  power  produced  from  available  pump  power)  of  29  percent 
is  indicative  of  the  even  higher  efficiencies  predicted  in  high  energy  systems. 
This  experimental  result  is  a significant  part  of  the  answer  to  the  efficiency 
question.  The  beam  quality  issue  was  also  investigated  in  as  much  as  the 
present  laboratory  apparatus  would  allow.  Diffraction  limited  ORTL  output 
was  observed,  but  the  sensitivity  to  medium  inhomogeneity  was  minimal. 


*High  Energy  Optical  Resonance  Transfer  Laser  Study,  Contract 
No.  N00173 - 78-C -0470,  Mid-Terrn  Technical  Report,  January,  1979. 
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2.  0 HF  INTRAMOLECULAR  ORTL  CHARACTERIZATION 


2.  1 BACKGROUND 

As  a result  of  analysis  of  the  Screening  Task  experiments,  the  HF 
intramolecular  ORTL  system  was  selected  for  concentrated  investigation  in 
the  second  half  of  the  program.  The  prime  reason  for  this  choice  was  the 
inherent  high  efficiency  of  the  intramolecular  ORTL  compared  to  the  inter- 
molecular  ORTL.  Because  rotational  equilibration  rates  are  more  rapid 
than  intermolecular  V-V  collisional  transfer  rates,  the  losses  in  an  intra- 
molecular ORTL  are  expected  to  be  smaller  than  in  the  intermolecuk  r 
ORTL.  This  expectation  manifested  itself  in  the  Screening  Task  experiments. 

Two  configurational  families  have  been  identified  for  potential  use  in 
high  energy  chemical  laser/ORTL  systems.  These  are  the  extra-cavity  and 
intra-cavity  configurations.  In  the  extra-cavity  configuration  the  ORTL  cell 
is  external  to  the  chemical  laser  optical  resonator.  The  chemical  laser  out- 
put illuminates  the  ORTL  cell  and  pumps  the  active  molecules.  The  overall 
efficiency  is  determined  by  the  efficiency  of  absorption  of  the  incident 
pump  power  (input  coupling  efficiency)  and  the  efficiency  of  conversion  of 
absorbed  power  to  coherent  ORTL  power  (conversion  efficiency).  In  the 
intra-cavity  configuration  the  ORTL  cell  is  placed  inside  a closed  cavity 
chemical  laser  optical  resonator.  The  ORTL  cell  provides  the  main  outcoup- 
ling  of  available  chemical  laser  power  and  the  ORTL  input  coupling  effi- 
ciency can  be  very  large. 

In  future  applications  the  intra-cavity  configuration  will  probably  be 
preferred  because  of  its  potentially  high  efficiency.  However,  implementa- 
tion is  significantly  more  complex  because  of  the  c'  ipling  between  ORTL 
processes  and  chemical  laser  power  extraction.  The  objective  of  the  present 
study  was  understanding  of  ORTL  kinetic  processes  and  the  extra-cavity  con- 
figuration was  selected  for  mo6t  of  the  present  work  because  of  its  conceptual 
simplicity.  Intra-cavity  experiments  were,  however,  implemented  for  the 
Chemical  Laser/ORTL  Dynamics  task  discussed  in  Section  3.  0. 
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The  emphasis  in  the  Characterization  Ta*k  was  on  the  pursuit  of 
physical  understanding  through  a series  of  parametric  studies  and  subsequent 
demonstration  of  high  overall  efficiency.  Experimental  apparatus  improve- 
ments initiated  at  the  outset  of  this  task  are  discust  ed  in  Section  2.  2. 

Several  new  ORTL  nozzles  were  fabricated;  the  results  obtained  with  these 
nozzles  are  discussed  in  Section  2.4,  Parametric  studies  varying  ORTL  HF 
mole  f * 'rtior.  gas  pressure  and  flow  velocity  were  conducted  for  several 
chemical  laser  operating  conditions.  Both  closed  cavity  and  5 percent  out- 
coupling  ORTL  resonators  were  used.  Pump  laser  power  and  spectral  dis- 
tribution, and  ORTL  output  power  and  spectral  distribution  were  measured. 

In  Section  2.  5,  a new  extracavity  configuration,  the  multiple  pass  cell,  which 
increases  the  input  coupling  efficiency  while  preserving  low  ORTL  oscillation 
threshold  is  described.  This  configuration  produced  the  highest  overall  effi- 
ciencies observed  to  date  in  anv  ORTL  experiment. 


2.  2 APPARATUS  IMPROVEMENTS 


Analysis  of  the  Screening  Task  results  indicated  several  improvements 
to  the  existing  apparatus  which  could  potentially  lead  to  increased  efficien- 
cies.  The  Screening  Task  apparatus  is  depicted  in  Figure  1.  The  outcoupled 
beam  from  a combustion  driven  HF  chemical  laser  was  cylindrically  focused 
to  a 2.  3 cm  x 0.  38  cm  cross-section  f the  optical  pumping  zone.  A room 
temperature  HF/He  gas  mixture  entered  the  pumping  zone  through  a 3 mm 
x 6 cm  nozzle  with  a velocity  of  5 x 10J  cm/sec.  Gas  pressure  was  varied 
from  40  torr  to  110  torr,  and  the  HF  mole  fraction  was  varied  from  one  to 
three  percent.  The  nozzle  was  rotated  at  a 20  degree  angle  relative  to  the 
chemical  laser  optical  axis  so  that  the  2.  3 cm  pump  beam  could  cover  the 
entire  6 cm  length  of  the  gas  flow  as  indicated  in  Figure  1,  A mirror  placed 
at  the  opposite  end  of  the  cell  refocused  the  pump  beam  back  onto  the  pump- 
ing zone  to  enhance  the  pumping  processes.  The  resonator  for  the  optically 
pumped  HF  laser  consisted  of  a flat  total  reflector  and  a 3 meter  radius 
of  curvature  concave  outcoupler  separated  by  75  cm.  The  optical  axis  was 
oriented  along  the  6 cm  ozzle  dimension.  A thermocouple  placed  1.2  cm 
downstream  of  the  exit  >e  the  interaction  zone  measured  the  gas  temperature 
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rise  allowing  the  power  deposited  in  the  gas  to  be  computed.  A scanning 
spectrometer  was  used  to  determine  the;  spectral  distribution  of  the  pump 
laser  and  the  optically  pumped  HF  laser.  The  absorption  efficiency  of  the 
apparatus  would  be  increased  if  the  absorption  path  length  were  increased. 
Therefore,  a 6 mm  x 6 cm  nozzle  was  fabricated  for  use  in  the  rotated  ORTL 
cell.  One  also  would  expect  an  increase  in  overall  efficiency  if  the  pump 
irradiance  were  increased.  Therefore,  a 3 mm  x 3 cm  nozzle  was  fabricated 
for  use  with  a smaller  pump  beam. 

In  order  to  observe  the  maximum  achievable  ORTL  efficiency,  a closed 
cavity  ORTL  resonator  was  also  designed  and  fabricated.  It  consisted  of 
two  mirrors  made  of  molybdenum  which  has  a high  thermal  conductivity  and 
low  thermal  expansion  coefficient.  Thermocouples  were  embedded  along 
the  side  and  back  of  each  mirror  so  that  the  heating  rate  in  each  mirror 
could  be  recorded  and  the  extracted  ORTL  power  computed.  The  mirrors 
were  thermally  isolated  by  being  held  in  a spider  mount  with  four  stainless 
steel  pins.  The  calorimetry  method  used  in  this  test  was  described  by  Hass, 
et  al,  * 

One  mirror  was  a concave  spherical  total  reflector  with  a three  meter 
radius  of  curvature  and  the  other  was  flat.  They  were  separated  by  ninety 
centimeters  in  most  experiments.  Each  mirror  had  a diameter  of  1.25  inches 
and  a thickness  of  one  inch.  These  dimensions  were  determined  so  that  the 
mirror  heat  capacity  \c  large  enough  to  have  a small  heating  rate 
(0.67  degree/sec  for  a 100  watt  ORTL),  but  thin  enough  to  have  a fast  ther- 
mal response  time  (less  than  one  second). 

A Ag/ThF^  coating  was  applied  to  each  mirror  and  the  reflectivity 
(approx.  98.8  percent)  measured.  After  weighing  the  mirror,  iron/ 
constantan  thermocouples  were  affixed  to  the  back  and  side  of  each  mirror 
with  a small  amount  of  high  thermal  conductivity  epoxy.  Reference  thermo- 
couples were  maintained  in  a water  bath  and  the  mirror  temperature  deter- 
mined from  a differential  voltage  measurement.  The  mirror  temperature 
during  a typical  experiment  is  shown  schematically  in  Figure  2.  During  the 


:''M.  Hass.  J.  W.  Davisson,  P,  H.  Klein  and  L,  L.  Boyer.  J.  Appl.  Phys.  45, 
3959  (1974). 
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Figure  2.  Closed  cavity  power  measurement. 


period  denoted  "A.  " the  ORTL  cavity  was  spoiled  by  a mechanical  shutter. 
The  chemical  laser  and  ORTL  flow  were  turned  on  and  stabilized.  Unshutter 
ing  the  ORTL  cavity  resulted  in  the  temperature  rise  in  region  "B"  in  Fig- 
ure 2.  The  ORTL  was  then  shuttered,  and  in  region  "C"  the  cooling  of  the 
mirror  is  apparent.  The  cooling  by  convection  and  radiation  which  occurred 
during  periods  A and  C also  occurred  during  period  B.  Since  the  cooling 
rate  was  proportional  to  the  temperature  difference  between  the  mirror  and 
its  surroundings,  a correction,  which  was  the  average  of  the  cooling  rates 
before  and  after  heating,  was  applied  to  the  observed  slope  during  period 
B.  This  corrected  slope  was  then  used  to  compute  absorbed  power.  The 
cooling  correction  was  typically  0.4  to  0.  9 watt.  This  correction  was  less 
than  2 percent  at  high  powers. 

2.  3 OPTICAL  ABSORPTION  MEASUREMENT 

In  the  Screening  Task,  total  power  absorption  in  the  ORTL  medium  was 
obtained  from  the  sum  of  ORTL  output  power  and  the  heat  deposited  in  the 
ORTL  gas.  The  latter  was  computed  from  the  temperature  rise  as  measured 
by  a thermocouple  placed  1.  2 cm  downstream  of  the  exit  of  the  pump  inter- 
action zone.  Because  of  the  importance  of  the  absorbed  power  for  r,etermina' 
tion  of  input  coupling  and  power  conversion  efficiencies,  an  exper  nent  was 
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#5  undertaken  to  confirm  the  values  obtained  from  the  thermocouple 

measurements.  Optical  power  absorption  measurements  were  chosen  for 
this  purpose  and  were  performed  under  experimental  conditions  similar  to 
those  for  which  the  best  efficiencies  had  been  achieved,  in  this  single  pass 
optical  power  absorption  measurement,  two  signals  were  continuously  moni- 
tored. each  representing  a fixed  fraction  of  the  pump  laser  beam  The  first 
signal  was  generated  by  a CaF2  beam  splitter  placed  before  the  ORTL  cell. 

The  second  signal  was  generated  by  another  beam  splitter  placed  after  the 
ORTL  cell.  From  the  ratios  of  these  two  signals  with  and  without  gas  in  the 
ORTL  cell  the  transmittance  and  the  input  coupling  efficiency  of  the  ORTL 
ceL  were  determined.  The  gas  temperature  rise  and  the  pump  laser  power 
were  also  monitored  during  these  experiments  and  input  coupling  efficien<  y 
determined  from  these  quantities.  Input  efficiencies  derived  from  these  two 
methods  are  shown  in  Figure  3 as  a function  of  ILF  mole  fraction  in  the  ORTL 
medium.  They  are  within  15  percent  of  each  other.  This  is  well  within  the 
estimated  experimental  errors.  From  these  observations  it  was  concluded 
that  the  efficiencies  derived  from  the  measured  gas  temperature  rise  are 
correct  and  this  method  could  be  confidently  used  for  the  remainder  of  the 
experiments.  To  study  the  ORTL  medium  uniformity  along  the  6 cm  gain 
length,  four  thermocouples  were  installed.  One  was  at  the  center  of  the 
region,  one  was  placed  1.  5 cm  on  each  side  of  the  center  and  the  fourth  was 
placed  2.5  cm  from  the  center.  They  were  all  located  1.2  cm  downstream 
of  the  ORTL  interaction  zone  exit, 

2.  4 EXTRA-CAVITY  ROTATED  ORTL  CELL  EXPERIMENTS 

Ten  test  series  were  conducted  as  shown  in  Table  1.  As  indicated, 
chemical  laser  power  was  varied  as  were  the  ORTL  nozzle  dimensions  and 
the  ORTL  medium  gas  dynamic  parameters.  The  pump  laser  power  indicated 
is  that  which  illuminates  the  ORTL  cell.  The  beam  path  optics  (CaF2  win- 
dows, focusing  lens,  etc.  ) have  resuited  in  degradation  of  the  700-800  watt 
output  of  the  chemical  laser  to  the  values  shown.  ( Anti- reflection  coated 
optics  were  not  used  in  these  experiments.  ) Within  each  test  series,  the 
ORTL  medium  composition  was  varied.  Detailed  test  results  are  tabulatec 
in  Table  2.  The  pump  laser  characteristics  and  ORTL  conditions  are 
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TABLF  1. 

ROTATED  ORTL  CELL  EXPERIMENTS 

Tes 

Series 

ORTL 

Resonator 

ORTL 

Nozzle 

1 cm  | 

Lump 

Lase  r Lowe  r 
(watts  1 

ORTL 

P ressu  re 

1 to  r r ) 

ORTL  Flow 
Velocity 

H m/sec  1 

5“o  Outeouphng 
Closed  ca'  ity 
Closed  cavity 

5ro  Outcoupl  ing 
Closed  cavity 
Closed  cavity 
Closed  cavity 
Closed  cavity 
Closed  cavity 

Closed  cavity 


0.  1 X 6 
0.3X6 
0.  3 X 6 

0.  6 X 6 
0.  6 X 6 
0.  6 X 6 
0.6X6 
0.  6 X 6 
0.  6 X 6 

0.  3 X 3 


3 X 10 
3 X 10! 
5 X 10' 


3 X I0J 
3 X 10* 
i.  3 X I ()’ 
5 X 10'* 

3 X I03 
5 X I03 


3X10 


listed  along  with  the  measured  ORTL  medium  temperature  rises.  Tj  was 
measured  by  the  thermocouple  located  on  the  ORTL  optical  axis  1.  5 cm 
from  the  center  line;  is  on  the  center  line;  T3  is  2.  5 cm  from  the  center 
line  and  on  the  opposite  side  from  Tj.  The  average  of  these  three  values 
was  used  to  compute  the  power  deposition  in  the  gas,  Qgas.  The  power 
deposited  in  the  ORTL  mirrors  and  the  outcoupled  power  (where  appropriate) 
were  combined  to  yield  the  total  absorbed  power.  The  derived  input  coupling, 
conversion,  and  overall  efficiencies  are  also  listed. 

The  first  interesting  observation  about  this  data  is  the  spatial  non- 
uniformity  of  the  temperature  rise  in  the  ORTL  medium.  The  temperature 
rise  is  primarily  due  to  the  deactivation  of  the  HF  vibrationally  excited 
states.  The  excited  state  density  depends  upon  the  pump  irradiance  and  its 
spectral  distribution  as  well  as  upon  the  deactivation  rate.  The  non- 
uniformity of  the  temperature  rise  reflects  the  spatial  non-uniformity  of 
the  pump  radiation.  The  temperature  rise  is  fairly  uniform  in  the  low  HF 
mole  fraction  cases  such  as  I- 1 , II- 1 and  III- 1 , but  not  in  the  high  HF  mole 
fraction  cases  such  as  1-3,  III-4  and  IV-5,  In  low  HF  mole  fraction  cases, 
the  pump  power  across  the  gain  length  is  high  enough  to  bleach  the  ORTL 


absorbing  transitions.  Therefore,  the  temperature  rise  is  relatively  uniform 
even  though  there  is  some  spatial  non-unif ormity  of  the  pump  radiation.  As 
the  HF  mole  fraction  increases,  bleaching  is  incomplete  in  some  regions 
because  of  the  pump  spatial  non-uniformity.  Therefore,  the  temperature 
rise  is  not  the  same  across  the  medium.  This  non-uniformity  could  have 
a serious  effect  on  the  overall  efficiency  because  it  is  possible  that  signifi- 
cant positive  gain  is  not  achieved  in  regions  where  the  pump  intensity  is 
low  or  of  low  J-value.  This  effect  of  pump  radiation  non-uniformity  on 
overall  ORTL  efficiency  has  not  been  directly  investigated,  but  should  be 
pursued  in  the  future. 

Power  extraction  data  obtained  with  the  3 mm  by  6 cm  cell  operated  at 
76  torr  (series  I through  III)  are  shown  in  Figure  4.  Both  outcoupled  and 
closed  cavity  powers  are  shown.  Two  different  test  series  were  conducted 
with  the  closed  cavity  resonator  and  one  was  conducted  with  the  outcoupling 
resonator.  The  maximum  extracted  power  was  44  watts  at  an  HF  mole  frac- 
tion of  1 percent  with  the  remainder  of  the  ORTL  gas  being  helium.  The 
maximum  outcoupled  power  was  2 5 watts.  Based  upon  the  temperature  and 
power  measurements,  closed  cavity  efficiencies  were  calculated.  Those 
for  Series  III  are  shown  in  Figure  5.  High  conversion  efficiencies  were 
obtained  This  quantity  reached  67  percent  at  an  HF  mole  fraction  of 
0.3  percent,  This  low  HF  concentration  limits  the  energy  absorption 
resulting  in  a low  overall  efficiency  at  these  conditions  in  this  apparatus. 

As  the  HF  concentration  increases,  raising  the  input  coupling  efficiency, 
the  absorbed  power  required  to  reach  the  lasing  threshold  also  increases 
resulting  in  lower  conversion  efficiency.  The  overall  efficiency  is  the 
product  of  these  two  and  reaches  its  peak  of  9.2  percent  at  a 1 percent  HF 
concentration. 

The  ORTL  output  spectrum  was  obtained  by  monitoring  the  scattered 


light  from  one  of  the  resonator  mirrors.  The  spectra  at  several  HF  con- 
centrations in  Series  III  are  shown  along  with  the  chemical  laser  pumping 
spectrum  in  Figure  6,  The  shift  to  higher  wavelength  in  the  ORTL  spectrum 
can  be  seen.  The  ORTL  spectrum  is  much  simpler  than  the  pump  laser, 
usually  exhibiting  two  or  less  lines  per  band.  The  overall  lasing  bandwidth  is 
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WAVELENGTH  (MICRONS) 


Figure  6.  Pump  radiation  and  ORTL  output  spectra-Series  III 
(3  mm  x 6 cm  nozzle). 


reduced  to  about  0.  12  microns.  As  the  mole  fraction  of  HF  increases,  so 
does  the  gas  temperature.  Consequently  the  spectrum  shifts  to  higher 
J-transitions  or  longer  wavelength.  Furthermore,  the  additional  HF  also 
increases  the  power  required  to  reach  the  threshold  gain  required  for  V=l-»0 
transitions  to  oscillate.  Therefore  the  fraction  of  V=l-»0  lasing  decreases 
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with  HF  mole  fraction.  The  data  shows  that  as  HF  concentration  increased, 
the  balance  between  the  V=l—0  and  V=2  *-1  bands  shifted  toward  the  higher 
vibrational  band  with  as  much  as  78  percent  of  the  energy  being  in  that  band 
at  an  HF  mole  fraction  of  2 percent.  These  results  were  obtained  with  no 
line  selection  or  wavelength  sensitive  elements  in  the  ORTL  resonator. 

Results  for  the  6 mm  x 6 cm  ORTL  cell  (Seri  s IV  and  V)  are  presented 
in  Figures  7 to  9.  The  maximum  observed  power  extraction  was  52  watts 
corresponding  to  an  overall  efficiency  of  12.6  percent.  In  this  cell,  the  input 
coupling  efficiencies  are  generally  greater  than  for  the  previous  cell  bec  ause 
of  the  increased  absorption  path  length.  However,  the  conversion  efficiencies 
are  reduced.  This  is  a result  of  the  absorbed  power  at  any  location  being 
lower  than  for  the  3 mm  cell.  This  situation  results  from  a reduction  in  the 
total  two-way  pump  intensity  at  any  point.  The  increase  in  input  coupling 
efficiency,  reaching  a maximum  of  66,  5 percent,  is  greater  than  the  loss  in 
conversion  efficiency  yielding  larger  overall  efficiencies. 

The  effect  of  operating  pressure  on  the  overall  efficiency  can  be 
observed  by  close  comparison  between  Series  V and  VII,  and  between 
Series  VIII  and  IX.  With  the  same  pump  radiation,  overall  efficiency 
appears  to  be  better  at  higher  operating  pressure  within  the  40  to  110  torr 
range,  Unfortunately,  this  trend  is  inconclusive  because  the  differences 
between  power  values  were  within  experimental  uncertainties.  In  Series  V 
and  VIII.  where  different  pump  radiation  conditions  were  used,  the  optimum 
overall  efficiencies  were  12  percent,  but  peaked  at  1,  0 percent  HF  in 
Series  V and  at  0.  5 percent  HF  in  Series  VIII.  Since  the  pump  radiation  in 
Series  VIII  had  relatively  low  J-distribution,  it  had  better  coupling  with  the 
FU  molecules  in  the  ORTL  medium,  and  the  optimum  coupling  occurred  at 
lower  HF  mole  fraction  in  this  series. 

Results  obtained  with  the  3 mm  x 3 cm  ORTL  cell  (Series  X)  are  pre- 
sented in  Figures  10  to  12.  The  same  value  of  12  percent  overall  efficiency 
was  achieved  but  at  higher  HF  mole  fraction,  2 percent,  A factor  of  two 
increase  in  pumping  intensity  resulted  in  the  coupling  optimization  at  higher 
HF  mole  fraction.  The  highest  ORTL  output  per  unit  volume.  110  watts/cm^, 
was  achieved  here  at  76  torr  with  1.5  percent  HF. 
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Figure  3.  ORTL  efficiencies  (8  mm  x 6 cm  nozzle). 
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In  summary,  the  maximum  observed  power  extraction  was  52  watts 
corresponding  to  an  overall  efficiency  of  12.6  percent  (case  V-3).  The 
highest  conversion  efficiency  was  67  percent  at  76  torr  with  0.3  percent 

3 

HF  (case  III—  1 ).  The  highest  ORTL  volumetric  power  was  110  watts/cm 
at  76  torr  with  1.  5 percent  HF  (case  X-2).  The  apparatus  utilized  was  not 
designed  for  high  efficiency,  but  was  designed  to  provide  a simple  versatile 
ORTL  cell  for  experimental  investigation  of  a number  of  potential  ORTL 
systems.  The  issues  involved  in  proper  ORTL  cell  design  to  achieve 
maximum  overall  efficiency  are  illustrated  by  these  experiments.  Optimum 
conversion  efficiency  mixtures  result  in  lower  input  coupling  efficiency  for 
a particular  geometry.  The  two  can  only  be  maintained  at  a high  level  in 
a larger  system  operating  far  above  threshold.  In  order  to  preserve  the 
high  conversion  efficiency  at  low  HF  concentration  and  simultaneously 
achieve  high  input  coupling  efficiency,  the  optical  absorption  path  length 
has  to  be  increased.  In  an  extra-cavity  system  design  for  high  overall 
efficiency,  high  conversion  efficiency  would  be  maintained  at  a sacrifice 
in  specific  input  efficiency,  but  a large  absorption  path  length  would  be 
used  to  achieve  high  input  efficiency.  A multiple  pass  extra-cavity  ORTL 
cell  based  upon  this  concept  will  be  discussed  in  the  next  section. 

2.5  EXTRA-CAVITY  MULTIPLE  PASS  ORTL  CELL 

EXPERIMENTS 

The  multiple  pass  cell  extracavity  configuration  represents  a laboratory 
effort  at  demonstrating  efficient  overall  conversion  of  pump  power  to  ORTL 
power.  Its  design  and  shape  is  a radical  departure  from  the  previously  used 
rotated  ORTL  cell  which  had  employed  a double  pass  optical  coupling  geometry. 
In  the  multiple  pass  design,  the  pump  radiation  is  trapped  between  two  flat 
parallel  reflectors,  causing  it  to  undergo  multiple  reflections  as  it  pumps  the 
ORTL  medium.  A photograph  of  the  apparatus  is  shown  in  Figure  13.  The 
pump  beam  enters  through  the  tube  at  the  right  and  exits  the  ORTL  cell  into 
the  cylindrical  box  at  left  center.  At  that  point  it  is  either  absorbed  or  reflec- 
ted back  into  the  ORTL  medium.  The  ORTL  resonator  optics  are  mounted  in 
two  large  rectangular  boxes  which  are  shown  each  with  one  side  removed. 

The  ORTL  medium  flows  vertically  upward  and  is  exhausted  through  the 
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Figure  13.  Multiple  pass  cell  experimental  configuration. 


bellows  assembly  in  the  center  of  photograph.  The  ORTL  gas  supply  lines 
and  side  mirror  water  cooling  lines  are  also  observable  in  the  foreground. 

2.5.1  Cell  Design  and  Experimental  Configuration 

The  design  of  a multiple  pass  cell  for  extracavity  optical  pumping  must 
address  three  issues:  volumetric  size,  optical  walkoff  of  the  pump  beam, 
and  gas  flow  design.  If  a chemical  laser  beam  of  width  W is  incident  on  a 
set  of  parallel  reflectors  separated  by  a distance  D at  an  angle  8,  the  follow- 
ing geometric  relations  may  be  derived  assuming  that  the  beam  fills  the 
space  between  the  mirrors.  Referring  to  Figure  14,  the  pump  beam  width  is 
related  to  the  mirror  spacing  by 

W = 2D  sin  6 (1) 

The  number  of  reflections  Nr,  in  the  gain  length  L is 

Nd  = L/D  tan  6 (2) 

K 

The  absorption  path  length  L0»  through  the  ORTL  medium  is  given  by 

L = L/sin0  (3) 

o 

Coupling  of  energy  into  the  ORTL  cell  is  most  efficient  when  Equation  (1) 
is  satisfied,  and  the  medium  is  completely  covered.  Under  these  conditions, 
the  effective  incident  pump  irradianee  ia  twice  the  incident  irradiance  at 
the  cell  entrance.  If  the  pump  beam  width  is  less  than  this,  then  non-uniform 
pumping  results. 
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Figure  14.  Multiple  pass  cell  geometry. 

As  the  beam  propagates  down  the  cell,  it  experiences  reflections  off  the 
side  mirrors.  If  the  deviation  of  the  mirrors  from  parallelism  is  denoted  by 
<j>,  the  walk-off  hn,  after  n bounces  is  given,  for  small  4>,  by 

h^  s nD4>[(n/2)  + Ij  (4) 


where  n is  an  even  integer. 

Utilizing  these  relationships,  design  parameters  were  chosen  to  be  con- 
sistent with  chemical  laser  constraints.  Choosing  6 = 45",  D = 1.1  cm. 
and  Nd  = 8 gave  W = 1.56cm,  L = 8.8cm,  and  Ln  - 12.4cm.  The  actual 


implementation  was  slightly  different  and  is  shown  in  Figure  15.  The  two 
water  cooled  flat  aluminum  mirror  sidewalls  were  attached  directly  to  the 
cell  body.  The  cell  sides  and  mirror  mounting  surfaces  were  machined  paral- 
lel to  within  5 x 10"^  radians.  This  tolerance  was  designed  to  have  less  than 
3 percent  walk-off.  The  two  mirrors  were  2.5  cm  high.  One  was  11  cm  long 
and  the  other  14.  3 cm.  The  additional  length  beyond  the  8.8  cm  ORTL  gain 
region  accommodated  a i.  1 cm  region  of  helium  flow  at  each  end  in  order  to 
confine  the  ORTL  medium  and  prevent  an  absorptive  region  from  forming. 

The  pump  beam  entered  at  45  degrees  to  the  side  mirrors  through  a CaF^ 
window  and  underwent  eleven  reflections  before  exiting.  For  some  of  the 
experiments,  a total  reflector  was  used  at  the  output  in  order  to  return  the 
unabsorbed  pump  radiation  and  utilize  its  energy.  The  chemical  laser  beam 
height  of  1 . 6 cm  and  the  ORTL  medium  flow  cross-section  defined  an  excita- 
tion volume  of  approximately  15,5  cm^. 

The  multiple  pass  cell  gas  plenum  contained  a rectangular  duct  which 
was  partitioned  into  three  chambers.  Through  the  middle  chamber,  1.  1 cm 
x 8.8  cm  cross-section,  entered  the  primary  HF/He  mixture.  At  each  end 
a 1.  1 cm  x 1.  1 cm  chamber  injected  helium  to  confine  the  primary  flow. 

Fine  mesh  screens  were  used  to  ensure  flow  uniformity . The  ORTL  optical 
axis  was  located  2.5  cm  above  the  last  screen.  At  that  distance  the  boundary 
layer  thickness  in  the  absence  of  gas  heating  was  estimated  to  be  0.8  mm  at 
76  torr.  Plenum  pressure  and  cavity  pressure  were  monitored  by  pressure 
transducers.  The  cavity  pressure  was  set  using  a 0-100  torr  Wallace  and 
Tiernan  vacuum  gauge. 

Heating  of  the  ORTL  medium  was  measured  by  eight  thermocouples 
located  3.0  cm  above  the  ORTL  axis.  The  thermocouples  were  located 
along  the  8.  8 cm  gain  length  and  across  the  1.  1 cm  width  with  each  thermo- 
couple bead  located  on  line  center.  The  thermocouples  were  spaced  1.  1 cm 
apart  starting  0.  5 cm  from  one  end.  The  temperature  rise  AT used  to 
calculate  the  power  absorbed  by  the  gas,  was  determined  by  taking  an  average 
of  the  six  inner  thermocouple  readings.  Comparison  of  the  temperatures 
measured  along  the  optical  axis  provided  a measure  of  energy  deposition 
uniformity.  An  example  of  the  uniformity  observed  at  various  HF  concentra- 
tions is  shown  in  Figure  16  for  the  double  pass  configuration.  As  expected, 
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the  decrease  in  bleaching  associated  with  increasing  HF  concentration  results 
in  non-uniform  energy  deposition. 

A schematic  diagram  of  the  overall  experimental  configuration  is  shown 
in  Figure  17,  The  chemical  laser  output  was  measured  at  by  a calibrated 
1 kw  laser  power  meter  (Coherent  Radiation  Model  210).  The  reflection  off 
the  CaF.,  window  was  split  at  another  CaF^  window  as  shown.  The  power 
meter  was  usually  located  at  with  the  P^  measurement  serving  as  a cali- 
bration, A fast  response  pyroelectric  radiometer  (Laser.  Precision  Model 
RK-3440)  was  located  at  Iq.  A second  pyrcelectric  detector  at  I^was  used  to 
determine  the  ratio  Ij/I0,  The  detectors  at  I and  1^  were  individually  cali- 
brated by  using  the  Coherent  Radiation  power  meter  to  measure  the  power 

at  Pi  and  P0.  This  data  was  then  used  to  calibrate  the  ratio  I, /I  . The 
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pyroelectric  radiometers  were  then  used  to  measure  the  throughput  of  the 
multiple  pass  cell  with  no  ORTL  medium,  and  subsequently  the  ORTL 
medium  absorption  or  input  coupling  efficiency.  For  double  pass  experi- 
ments a total  reflector  replaced  the  CaF^  window  at  the  cell  exit. 

The  ORTL  resonator  optics  consisted  of  a 3 meter  radius  concave 
mirror  and  a flat  mirror  separated  by  47  cm.  These  calorimetric  closed 
cavity  mirrors  were  described  in  the  previous  section.  Outcouoling  experi- 
ments were  not  attempted.  The  side  mirrors  were  coated  with  Ag/ThF^. 

The  reflectivity  of  these  mirrors  was  measured  by  HF  laser  calorimetry 
to  be  97. 55  ±0.  04  percent  indicating  water  band  absorption  in  the  coatings. 
Unfortunately  scheduling  considerations  did  not  permit  improvement  of  the 
reflectivity.  These  mirrors  were  water  cooled  and  thermocouples  were 
located  at  the  coolant  inlet  and  exit  to  monitor  the  temperature  rise.  The 
water  flow  rate  was  also  measured,  thus  allowing  calculation  of  the  power 
deposited  in  the  side  mirrors. 

2.5.2  Cell  Characterization  Experiments 

A series  of  single  pass  experiments  was  conducted  in  order  to  charac- 
terize the  basic  cell  performance.  The  following  major  parameters  were 
included  in  the  measured  quantities:  pump  power  incident  on  the  ORTL  cell, 
power  deposited  in  the  ORTL  medium,  extracted  ORTL  power  as  deposited 
in  the  closed  cavity  resonator  mirrors,  pump  power  absorbed  by  the  side 
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wall  mirrors,  and  pump  power  transmitted  through  the  cell  (both  with  and 
without  rfF  present).  Altlv  ugh  these  parameters  were  measured  indepen~ 
dently  by  different  techniques,  the  measured  values  must  satisfy  a power 
conservation  equation.  Consistency  checks  based  upon  this  equation  were 
used  to  gain  confidence  in  the  measured  ORTL  performance  parameters. 
This  conservation  equation  will  now  be  discussed. 

Referring  to  the  experimental  schematic  in  Figure  17,  P^,  the  power 
incident  on  the  cell,  passes  through  three  CaF^  windows  and  reflects  off 
the  side  mirrors  before  it  is  monitored  at  P^.  In  the  absence  of  HF  in  the 
cell 

P3  - Px  (0.94)3(1-M)  (5) 

where  0.94  is  the  transmission  through  two  surfaces  of  CaF2  near  normal 
incidence,  and  M is  the  cumulative  absorption  loss  in  the  side  mirrors. 

With  HF  in  the  cell,  the  power  at  P3  is  diminished  due  to  the  absorption  by 
the  gas  and  the  ORTL  lasing.  Therefore,  if  the  power  absorbed  by  the  side 
mirrors  does  not  change 


(P3  - P3J 


(0.94) 


lS-1  = Q + P 

2 ORTL 
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where  P30  the  power  measured  with  HF  present  in  the  cell,  Q is  the  power 
deposited  in  the  gas,  and  PoRTL  is  the  ORTL  laser  power.  Combining 
Equations  (5)  and  (6),  one  obtains 


0.94  P 


M 


+ P 


ORTL 


+ Q + P3g/(0.94)‘ 


(7) 


where  P^  - 0,94  P^  M is  the  power  abso  ’ ed  by  the  side  mirrors.  Equa- 
tion (7)  represents  the  power  balance  in  the  multiple  pass  cell,  and  serves 
as  the  power  conservation  equation  for  data  consistercy  checks. 

The  input  coupling  efficiency  can  be  obtained  from  P3g/P3,  as  well  as 
from  the  pyroelectric  radiometer  signals  with  and  without  H in  the  ORTL 
cell,  inasmuch  as 
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where  Rg  = I ^ /I0  with  HF  in  the  ORTL  cell,  and  R = I ^ /IQ  without  HF  in  *-he 
cell. 

Table  3 summarizes  the  single  pass  results.  The  pressure  and  velocity 
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were  fixed  at  76  torr  and  3.8x10  cm/ sec  respectively  and  the  HFmole 
fraction  was  varied  from  0.  1 to  1. 0 percent.  The  input  pump  power  P^, 
exit  pump  powers  and  P.  , extracted  ORTL  power  » and  the 

power  absorbed  by  the  gas  are  listed  in  columns  2 through  6.  The 
estimated  uncertainty  for  these  quantities  is  5 percent.  The  exit  pump 
power  difference  when  corrected  for  CaF^  transmission  as  indicated  in 
Equation  (6)  should  equal  Q + PqRTL‘  Comparison  of  columns  7 and  8 
indicates  agreement  to  within  the  experimental  uncertainties. 

The  side  mirror  absorption  M,  in  the  absence  of  HF  obtained  from  P^ 
and  using  Equation  (5)  is  tabulated  in  column  9.  The  power  absorption 
in  the  side  mirrors,  P^  = 0.  94  PjM,  is  listed  in  column  10.  In  columns  11 
and  12,  the  values  calculated  from  Equation  (7)  in  the  presence  of  HF  are 
listed.  The  estimated  uncertainly  for  P^  is  10  percent.  Evide  atly,  (from 
columns  10  and  11)  the  side  mirror  absorption  was  unchanged  when  HF  was 
present  in  the  cell. 

There  are  two  contributions  to  the  power  absorbed  by  the  side  mirrors: 
the  absorption  due  to  the  irradiance  incident  on  the  mirror  surfaces  and  the 
heat  transfer  from  the  ORTL  medium  to  the  side  mirrors.  When  HF  was 
added  to  the  ORTL  medium,  the  pumping  power  incident  on  the  side  mirrors 
decreased;  hence  the  first  contribution  decreased.  On  the  other  hand,  the 
temperature  of  the  ORTL  medium  increased,  and  consequently  the  second 
contribution  increased.  The  nearly  constant  power  absorbed  by  the  side 
mirrors  with  and  without  HF  present  may  possibly  be  due  to  a balance  of 
these  two  contributions. 

The  average  value  of  M is  31  ±1  percent.  The  corresponding  single 
surface  reflectivity  is  96.  8 ±0,  4 percent.  The  value  of  M could  be  reduced 
to  4.4  percent  by  the  use  of  dielectric  coatings.  This  would  increase  the 
incident  power  utilization.  To  eliminate  this  factor  from  ORTL  performance 
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evaluation,  the  31  percent  power  loss  to  the  side  mirrors  was  taken  into 
account  in  the  computation  of  the  input  efficiency  in  Table  3 as  follows: 


^ * PQRTL 
ni  = °-’4Pl-PM 


(9) 


where  0.  94  is  the  power  transmitted  through  a CaF^  window  into  the 
ORTL  cell.  Columns  13  and  14  list  the  transmission  through  the  cell  for 
different  mole  fractions  of  HF. 

The  agreement  between  the  two  columns  is  better  than  the  estimated 
uncertainty  of  ±5  percent.  Column  15,  1 is  obtained  from  columns  2, 

8,  11  and  Equation  (9).  The  agreement  of  column  15  with  the  two  previous 
columns  is  significantly  better  than  the  expected  uncertainty  of  25  percent 
for  estimated  from  the  experimental  data  using  Equation  (9).  This  com- 
parison serves  as  a check  for  the  different  instrumentation  used  to  measure 
each  of  the  parameters  need  to  calculate  q j. 

A second  group  of  experiments  was  performed  to  obtain  a direct  com- 
parison between  single  pass  and  double  pass  performance  under  otherwise 
identical  experimental  conditions.  Of  interest  was  the  change,  not  the 
absolute  values  of  the  efficiencies. 

The  ORTL  pressure  and  velocity  were  chosen  to  be  76  torr  and 
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3. 8 x 10  cm/sec  respectively,  corresponding  to  a flow  rate  of  150  millimoles/ 

sec.  The  experimental  configuration  was  the  same  as  in  Figure  17,  but  for 

double  pass  operation  a flat  mirror  replaced  the  CaF^  exit  window  on  the  cell. 

The  average  pump  power  incident  on  the  ORTL  cell  was  approximately  1 kw 

and  was  distributed  among  P(4)  to  P(7)  transitions  in  the  V = 2—1  and 

V = 1—0  vibrational  bands.  (This  is  the  same  as  in  the  previous  set  of  single 

pass  experiments.)  The  irradiance  incident  on  the  ORTL  cell  was  approxi- 
2 

mately  350  W/cm  . The  ORTL  power  and  the  calculated  efficiencies  are 
listed  in  Table  4.  The  upper  and  lower  entries  in  each  box  are  the  single 
pass  and  double  pass  values  respectively.  The  overall  efficiency,  q is 
defined  by  taking  into  account  the  power  loss  into  the  side  mirrors  in  a 
manner  similar  to  that  used  for  q^ 
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The  conversion  efficiency,  t) c , is  given  by 
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Equations  (9)  and  (11)  were  applied  to  both  single  and  double  pass  experiments. 
As  stated  previously,  the  estimated  uncertainty  for  P1t  P^  _T  , and  Q is 

1 UK  1 la 

5 percent  and  for  P-^  is  10  percent.  The  resultant  uncertainties  forr]j,  r)c> 
andhj  are  25,  15  and  20  percent  respectively. 

In  double  pass  experiments,  I/Iq  and  transmitted  power  could  not  be 
measured.  P^  was  measured  directly  from  the  temperature  rise  in  the  side 
mirror  cooling  water.  An  average  value  of  32  ±2  percent  was  determined 
for  M using  Pj  and  Pj^  data  listed  in  Table  4.  The  fact  that  the  single  and 

TABLE  4.  SINGLE  PASS/DOUBLE  PASS  COMPARISON 


°HF 

P1 

PM 

• 

Q 

PORTL 

^c 

nT 

(percent) 

(watts ) 

(watts) 

(watts ) 

(watts ) 

(percent) 

(percent ) 

(percent ) 

0.  1 

893 

257 

18.  8 

27.5 

7.9 

59.0 

4.7 

1051 

339 

22.8 

42.1 

10.0 

64.9 

6.5 

0.2 

955 

292 

50.0 

46.3 

15.8 

48.  1 

7.6 

1068 

344 

63.7 

72.9 

20,7 

53.4 

11.1 

0.4 

959 

281 

139 

59.0 

31.9 

29.8 

9.5 

1068 

344 

161 

98.9 

39.3 

38.1 

15.0 

0.7 

1029 

306 

319 

55.0 

56.6 

15.0 

8.5 

1048 

337 

353 

79.0 

66.7 

18.3 

12.2 

1.0 

1034 

311 

425 

14.8 

66.5 

3.4 

2.3 

1048 

337 

474 

43.0 

79.8 

8.3 

6.  6 

double  pass  losses  were  nearly  the  same  even  though  for  the  latter  geometry 
the  pump  beam  made  twice  as  many  reflections,  indicated  a possible  sys- 
tematic underestimation  of  PM-  Cooling  of  the  side  mirrors  by  conduction 
to  the  cell  structural  walls  could  systematically  reduce  the  cooling  water 
temperature.  If  is  really  larger,  the  values  for  Tj  snd  nc  are 
underestimate  s . 

The  higher  double  pass  efficiencies  demonstrate  the  increase  in  ORTL 
performance  with  increased  chemical  laser  irradiance.  A measure  of  the 
additional  irradiance  available  for  double  pass  excitation  is  given  by  1 - ru 
(single  pass).  For  = 0,4  percent  a 67  percent  increase  in  ORTL 

power  was  observed  when  68  percent  of  the  incident  power  was  reflected 
back  into  the  cell.  However  Q increased  by  only  16  percent,  indicating  a 
net  'mprovement  of  conversion  efficiency  as  well  as  overall  efficiency  with 
the  increased  irradiance.  Similar  effects  are  seen  at  0.7  percent  HF. 

For  lower  than  0.4  percent  a small  percentage  improvement  in  the 

ORTL  power  was  observed,  even  though  a larger  fraction  of  the  pump  was 
returned  to  the  cell,  ihe  less  than  efficient  utilization  of  pump  power 
could  be  attributed  to  the  insufficient  number  density  of  HF  present  in  the 
medium.  Quite  the  opposite  effect  was  observed  for  = 1.0  percent. 

Here  the  additional  33  percent  pump  power  resulted  in  nearly  a factor  of 
three  increase  in  ORTL  power.  In  this  case  the  ORTL  was  closer  to 
threshold  and  consequently  was  strongly  dependent  upon  effective  pump 
irradiance.  The  HF  mole  fraction  must  be  carefully  matched  to  the 
optical  pump  power  available  for  excitation. 

2.5.3  Efficiency  Demonstration  Experiments 

The  objective  of  this  test  series  was  to  demonstrate  high  overall 
efficiency.  Therefore  the  pump  laser  power  and  spectral  distribution  were 
optimized  here,  in  contrast  to  the  experiments  of  the  previous  section. 

Chemical  laser  flow  rates  were  varied  to  obtain  not  necessarily  the  highest 
overall  power,  but  the  highest  power  with  the  lowest  rotational  line  distri- 
bution. (See  the  figure  of  merit  discussion  in  the  Mid-Term  Technical 
Report.)  The  nominal  operating  conditions  arrived  at  for  these  experiments 

2 

are  shown  in  Table  5.  The  irradiance  at  the  ORTL  cell  was  250  ±16  watts/cm  . 


39 


4 


TABLE  5.  CHEMICAL  LASER  OPERATING  CONDITIONS 


Incident  Power: 

Beam  Shape : 

762  ±46  watts 

1 . 75  cm  x 1 . 64  cm 
(2.87  cm^) 

V = 

Transition 

Spectral 

1 — ►V  = 0 

Power  (%) 

Distribution 

V = 2— *>V 

Transition 

= 1 

Power  (%) 

P(  3) 

0.  1 

P(3) 

0.9 

P(4) 

9.5 

P(4) 

15.7 

P(5) 

15.9 

P(5) 

20.  1 

P(6) 

18.2 

P(6) 

9.9 

P(7) 

5.2 

P(7) 

3.7 

P(8) 

1.0 

48.  7 

51.8 

Under  these  conditions  a number  of  experiments  were  conducted  in  the 
double  pass  configuration.  The  experimental  parameters  and  measured 
efficiencies  are  shown  in  Table  6.  During  each  experiment  the  power 
incident  on  the  OR.TL  cell  P^,  was  monitored  via  the  beam  splitter 
arrangement  shown  in  Figure  17,  and  Pj^,  the  power  absorbed  by  the  side 
mirrors,  was  monitored  as  described  earlier.  The  major  difference  between 
these  experiments  and  previous  ones  was  the  effectiveness  of  the  pump 
radiation.  The  ORTL  parameters  varied  were:  pressure,  velocity,  and 
HF  mole  fraction. 
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EFFICIENCY  DEMONSTRATION  EXPERIMENTS 


773 


Figure  18  shows  the  efficiencies  obtained  as  a function  of  HF  mole 
fraction  at  76  torr  and  3.8  x 10^  cm/sec  flow  velocity.  The  one  percent 
HF  results  are  omitted  but  the  high  83  percent  input  efficiency  should  be 
noted.  Figure  19  shows  similar  data  at  110  torr.  A shift  of  the  peak 
efficiency  to  lower  HF  mole  fraction  and  an  increase  in  ORTL  output 
power  from  121  watts  to  133  watts  were  observed  at  the  higher  operating 
pressure.  A maximum  conversion  efficiency  of  73  percent  was  obtained 
with  0,  1 mole  percent  of  HF  in  each  case.  The  highest  ORTL  power, 


O INPUT  EFFICIENCY 
A CONVERSION  EFFICIENCY 
□ OVERALL  EFFICIENCY 
P - 76  TORR 
V «3.8x  103  CM/SEC 


0.2  0.4  0.6 

HF  MOLE  FRACTION  (PERCENT) 

Figure  18.  Multiple  pass  cell  efficiencies  (76  torr,  3.8  x U)3  cm/sec). 
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O INPUT  efficiency 
A CONVERSION  EFFICIENCY 
□ OVERALL  EFFICIENCY 
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P-  110TORR 
V -3.8x  103  CM/SEC 


HF  MOLE  FRACTION  (PERCENT) 

Figure  19.  Multiple  pass  cell  efficiencies  (110  torr,  3.8  x 103  cm/sec). 

133  watts,  was  obtained  at  0.  2 mole  percent  at  110  torr;  the  associated 
overall  efficiency  was  27  percent.  As  the  data  at  both  pressures  show, 
for  a fixed  pump  intensity,  input  coupling  efficiency  can  be  increased  by 
increasing  the  HF  mole  fraction  but  there  is  a sacrifice  in  conversion 
efficiency. 
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Results  obtained  at  76  torr  but  at  lower  gas  velocities,  1.3  x 10  cm/ sec 
Z 

and  6.5x10  cm/sec,  are  shown  in  Figures  20  and  21 . The  maximum 

7 

observed  closed  cavity  power  was  135  watts  at  a velocity  of  6. 5 x 10  cm/ sec. 
The  side  mirrors  absorbed  232  watts,  leaving  471  watts  available  to  excite 
the  gas.  Thus  the  13  5 watts  extracted  corresponded  to  an  overall  efficiency 
of  29  percent,  a conversion  efficiency  of  59  percent,  and  an  input  efficiency 
of  49  percent. 


0 0.2  0.4  0.6  0.8 


HF  MOLE  FRACTION  (PERCENT) 

Figure  20.  Multiple  pass  cell  efficiencies  (76  torr,  1.3  x 11)3  cm/sec). 
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HF  MOLE  FRACTION  (PERCENT) 

Figure  21.  Multiple  pass  cell  efficiencies  (76  torr,  0.65  x 103  cm/sec). 

During  each  closed  cavity  power  extraction  measurement,  line  spectra 
of  the  pump  and  ORTL  outputs  were  recorded.  Representative  spectra  at 
76  torr  at  two  velocities,  3.8  x 103  cm/sec  and  6.  5 x 102  cm/sec,  are 
shown  in  Figures  22  and  23. 

The  dependence  of  the  over  all  efficiency  on  mole  fraction,  pressure, 
and  velocity  can  be  unified  if  one  realizes  that  the  key  parameter  is  the 
HF  number  density.  The  number  density  is  independent  of  velocity;  it 
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Figure  22.  Multiple  pass  cell  output  spectra  (76  torr,  3.8  x 103  cm/sec) 
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Figure  23.  Multiple  cell  output  spectra  (76  torr,  0.65  x 10^  cm/sec). 


depends  only  on  the  HF  mole  fraction  and  total  pressure.  At  76  torr,  for 

each  velocity  listed  in  Table  6,  the  overall  efficiency  is  a maximum  at  a 

mole  fraction  between  0.4  and  0.3  percent.  The  number  density  at  110  torr 

withcv^p  equal  to  0.2  percent,  where  the  peak  overall  efficiency  is  observed, 

is  approximately  equal  to  the  value  at  76  torr. 

The  dependence  of  the  overall  efficiency  on  temperature  is  illustrated 

in  Table  6 by  the  data  taken  at  76  torr  and  = 0.4  percent,  Tests  17, 

T and  3.  If  one  orders  the  tests  according  to  decreasing  AT  , the 

average 

following  values  are  obtained  for  28.  7,  26.  7,  and  24.  8 percent. 

Although  the  values  show  a positive  correlation  with  temperature,  the  range 

is  within  the  estimated  uncertainty  for  ri^.  thus  the  trend  is  inconclusive. 

Listing  the  ORTL  power  accordin.  co  decreasing  AT  one  obtains: 

° c “ average 

135,  128,  and  121  watts.  Within  the  temperature  range  examined,  the  ORTL 
power  does  increase  with  temperature.  The  reason  for  this  trend  is  the 
better  spectral  match  between  the  driving  laser  and  the  absorbing  gas  at  the 
higher  temperature. 

The  pump  laser  ivself  of  course  affects  the  overall  efficiency  in  a major 
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way.  One  need  only  compare  the  data  at  76  torr  and  3.8x10  cm/ sec  in 

Table  6 with  that  in  Table  4 to  see  that  this  is  so.  Higher  intensity  (3  50 
2 2 

W/cm  versus  250  W/cm  ) in  fact  yielded  a lower  overall  efficiency  ( 1 6 per- 
cent versus  29  percent).  The  lower  intensity  (Table  6)  had  a greater  share 
of  the  power  distributed  among  lower  P-branch  lines.  In  general,  the 
optimum  pump  laser  spectral  distribution  is  determined  by  the  ORTL  gas 
temperature.  In  the  present  experiments  the  latter  quantity  could  not  be 
varied  and  so  the  pump  laser  distribution  was  matched  to  the  ORTL  medium. 
Alternatively,  the  ORTL  tempeiature  could  be  matched  to  a maximally 
efficient  chemical  laser.  F or  a given  pump  radiation,  the  average  tempera- 
ture of  the  ORTL  medium  can  t ' controlled  by  varying  the  inlet  gas  tempera- 
ture and  velocity  and  by  varying  th  HF  number  density.  In  an  optimized 
ORTL  system  design  the  ORTL  temperr.cure  and  the  pump  laser  charac- 
teristics could  both  be  optimized  together. 


Highlights  of  the  extracavity  characterization  experiments  included 
the  following: 

Rotated  ORTL  Cell 

1.  Maximum  power  extraction  of  52  watts 

2.  Maximum  overall  efficiency  of  13% 

3.  Maximum  conversion  efficiency  of  67% 

4.  Maximum  input  coupling  efficiency  of  78% 

5.  Highest  ORTL  volumetric  power  density  of  110  watts/cm 

Multiple  Pass  Cell 

1.  Maximum  power  extraction  of  135  watts 

2.  Maximum  overall  efficiency  of  29% 

3.  Maximum  conversion  efficiency  of  73% 

4.  Maximum  input  coupling  efficiency  of  83% 
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3.0  CHEMICAL  LASER/ORTL  DYNAMICS 


When  the  ORTL  cell  is  placed  inside  the  chemical  laser  resonator 
(intracavity  contiguration),  the  pump  radiation  is  trapped  in  the  resonator 
until  it  is  absorbed  by  either  the  ORTL  medium  or  the  resonator  mirrors. 
When  the  ORTL  medium  absorption  is  much  greater  than  the  mirror  absorp- 
tion, one  anticipates  high  input  and  conversion  efficiences,  and  thus  high 
overall  efficiency.  However,  this  configuration  presents  several  complica- 
tions. Because  each  pump  laser  line  sees  a different  load,  the  lasing  spec- 
trum will  be  different  than  with  usual  resonators  and  will  be  sensitive  to  the 
ORTL  conditions.  The  competition  of  stimulated  emission  in  the  chemical 
laser  resonator  and  in  the  ORTL  resonator  also  needs  to  be  dealt  with. 
Finally,  the  close  coupling  between  the  pump  laser  and  ORTL  may  cause 
dynamic  effects. 

The  primary  objective  of  this  task  was  the  characterization  of  the 
temporal  behavior  of  the  chemical  laser  and  ORTL  outputs.  No  emphasis 
was  placed  on  efficient  operation  of  this  configuration.  The  rotated  ORTL 
cell  designed  for  extracavity  use  was  modified  for  intracavity  use,  and  a 
CaF^  Brewster  window  was  used  to  separate  the  ORTL  and  the  chemical 
laser  media.  The  selected  chemical  laser  resonator  was  a simple  stable 
resonator.  Since  there  is  no  feedback  interaction  in  the  extracavity  config- 
uration, results  in  that  configuration  were  used  as  a baseline  for  comparison. 

Schematic  diagrams  for  intra-  and  extra-cavity  configurations  are  shown 
in  Figures  24  and  25.  The  extracavity  configuration  was  identical  to  that 
used  in  the  experiments  described  in  section  2.4.  In  the  intracavity  experi- 
ments both  an  orthogonal  3mm  x 3cm  cell  and  a rotated  3mm  x 6cm  at  an 
angle  of  20  degrees,  were  used.  The  pump  laser  resonator  consisted  of  a 
3 meter  radius  concave  mirror  and  a flat  mirror,  separated  by  90  cm  when 
the  orthogonal  ORTL  cell  was  used  and  by  120  cm  with  the  rotated  cell.  The 
ORTL  resonator  consisted  of  a 3 meter  radius  total  reflector  and  a 
1.9  percent  transmitting  flat  outcoupler. 
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The  CRTL  cells  were  originally  designed  for  extracavity  experiments, 
where  the  beam  from  the  pump  laser  was  focused  to  give  a small  interaction 
zone.  In  the  intracavity  configuration  the  pumping  beam  is  defined  by  the 
geometry  of  the  chemical  laser  nozzle.  For  the  intracavity  cells,  this 
resulted  in  the  chemical  laser  irradiance  impinging  on  the  ORTL  nozzle. 

To  protect  the  nozzle,  a pair  of  rectangular  apertures  was  installed  in  the 
chemical  laser  resonator  to  confine  the  pump  laser  irradiance  to 
0.7  cm  x 3 cm,  and  placed  so  that  the  irradiance  did  not  strike  the  ORTL 
nozzle.  This  reduced  the  chemical  laser  resonator  mode  volume  and  con- 
sequently the  power  output. 

The  test  configuration  used  for  the  extracavity  temporal  measurements 
is  shown  in  Figure  24.  The  chemical  laser  output  is  sampled  by  a beam- 
splitter after  leaving  the  resonator.  A calibrated  photoconductive  indium 
antimonide  detector/preamplifier  with  a frequency  response  of  200  KHz  was 
used  to  monitor  the  chemical  laser  output,  with  the  signal  displayed  on  one 
channel  of  a storage  oscilloscope.  The  ORTL  output  was  sampled  in  the 
same  fashion,  with  the  signal  displayed  on  the  second  channel  of  the  oscillo- 
scope. This  permitted  the  simultaneous  display  of  the  instantaneous  output 
of  both  the  ORTL  and  the  chemical  laser.  Varying  the  timebase  of  the 
oscilloscope  permitted  the  convenient  display  of  the  amplitude  variations  at 
various  frequencies.  The  intracavity  configuration  (Figure  25)  was  similar. 

Prior  to  presentation  of  the  results  of  the  temporal  measurements,  the 
observed  mtracavity  ORTL  performance  will  be  discussed.  The  measured 
paramet.  * s were:  the  outcoupled  chemical  laser  power  and  its  spectral 
distribution  (outcoupled  by  the  Brewster  window),  the  chemical  laser  power 
coupled  into  the  resonator  mirrors,  the  power  absorbed  by  the  ORTL 
medium,  and  the  ORTL  power  and  spectral  distribution.  Data  for  the  3mm 
x 3 cm  orthogonal  cell  are  summarized  in  Table  7.  All  powers  are  in  watts. 
The  total  extracted  chemical  laser  power  was  approximately  300  watts, 
regardless  of  the  ORTL  loading.  The  power  outcoupled  by  the  Brewster 
window  was  200  watts  with  no  HF  in  the  ORTL  medium.  This  value  was 
much  higher  than  initially  expected.  With  a calcium  fluoride  Brewster 
window  in  the  laser  resonator,  the  round-trip  loss  due  to  the  window  was 
less  than  0.6  percent  for  the  p-polarization,  the  estimated  loss  for  the 
s-polarization  was  40  percent.  One  would  expect  that  the  chemical  laser 
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TABLE  7.  POWER  DISTRIBUTION  FOR  3 MM  X 3 CM 

INTRACAVITY  EXPERIMENTS  _ (PRESSURE  = 76 
TORR  AND  VELOCITY  = 5X10  CM/SEC) 


HF  Mole 
F raction 

ORTL 

Output 

Chemical  Laser 
Power  Absorbed 
in  Mirrors 

Outcoupled 

Power 

Power 
Deposited 
in  ORTL  Gas 

Extracted 
Chemical 
Laser  Power 

0.  0 

0 

90 

203 

0 

293 

0.  015 

7.  0 

78 

157 

66 

301 

0.  02 

4.  2 

66 

171 

91 

328 

0.  03 

2.  2 

67 

107 

146 

320 

0.  045 

0 

43 

69 

190 

300 

would  be  forced  to  oscillate  only  on  the  low-loss  p-polarization,  which  has 
a total  round  trip  loss  (including  mirror  absorption)  of  3.  5 percent  in  the 
absence  of  an  ORTL  load.  However,  the  chemical  laser  was  also  able  to 
oscillate  on  the  s -polarization  with  a total  loss  of  43  percent. 

Measurement  of  the  polarization  of  the  output  from  the  Brewster  window 
confirmed  that  the  s-polarization  was  lasing;  more  than  99  percent  of  the 
Brewster  window  power  was  s-polarized.  The  output  beam  had  the  dimen- 
sions of  the  intracavity  apertures,  0.  7 cm  x 3 cm.  The  output  power. 

(200  watts),  the  outcoupling  fraction  (40  percent),  and  the  area  (2.  1 cm^), 
yield  an  intracavity  intensity  of  480  watts/cm^.  The  resonator  mirrors 
have  a total  absorption  of  3 percent,  and  so  absorb  15  watts  from  the 
s-polarization.  Thus  the  total  extracted  power  in  the  s-polarization  was 
215  watts . 

The  total  power  absorbed  by  the  chemical  laser  mirrors,  90  watts,  is 
composed  of  both  the  s-  and  p-polarizations . Since  the  s-polarization 
accounts  for  15  watts,  the  p-polarization  is  responsible  for  75  watts.  The 
circulating  intensity  in  the  p-polarization  is  therefore  2380  watts/cm^. 

Note  that  if  the  p-polarization  were  to  occur  to  the  exclusion  of  the 
s-polarization,  or  if  the  Brewster  window  were  absent,  the  full  300  watts 
would  be  deposited  in  the  resonator  mirrors,  a 3 percent  loss,  giving  an 
intracavity  ir radiance  of  9500  watts/cm^.  This  would  result  in  greatly 
improved  performance. 
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An  additional  complication  occurs  when  the  addition  of  an  ORTL  load  to 
the  chemical  laser  resonator  increases  the  total  losses  for  both  polariza- 
tions. The  power  in  the  s -polarization,  where  losses  are  43  percent  in  the 
absence  of  an  ORTL  load,  is  reduced  substantially,  while  the  p-polarization 
is  relatively  unaffected.  This  is  shown  in  Table  7,  where  the  power  deposited 
in  the  chemical  laser  mirrors  is  predominantly  from  p-polarization  and  the 
Brewster  window  power  is  s -polarization.  Thus  the  distribution  of  the 
chemical  laser  power  among  different  losses  is  a function  of  the  ORTL 
loading. 

The  efficiency  of  coupling  into  the  ORTL  medium  is  also  different  for 

the  two  polarizations.  For  the  s -polarization,  it  is  impossible  for  the  ORTL 

to  compete  effectively  against  the  large  resonator  losses.  For  an  ORTL 

load  averaging  10  percent  round  trip  absorption,  the  percentage  of  extracted 

chemical  laser  power  which  is  coupled  into  the  ORTL  medium  would  only  be 

18  percent.  On  the  other  hand,  the  p-polarization  with  a 10  percent  load 

absorbs  75  percent  of  the  extracted  power.  However,  the  high  round  trip 

2 

loss  of  13.5  percent  reduces  the  intracavity  irradiance  to  617  watt/cm  , 
which  decreases  the  conversion  efficiency.  Because  of  the  high  overall 
losses  and  resultant  low  intracavity  flux,  the  intracavity  power  and  effi- 
ciency were  very  low.  Expected  improvement  would  come  from  removing 
the  high-loss  Brewster  window  and  replacing  it  with  an  aerodynamic  window, 
so  that  the  complicated  polarization  characteristics  of  the  chemical  laser 
could  be  eliminated. 

The  spectral  distribution  of  the  pump  laser  as  a function  of  HF  mole 
fraction  in  the  ORTL  cell  is  shown  in  Figure  26.  J-values  of  the  lasing 
transitions  were  shifted  toward  higher  values  as  HF  mole  fraction  increased. 
The  presence  of  HF  loading  increases  the  relative  loss  on  low  J transitions, 
as  these  are  more  strongly  absorbed,  which  in  turn  leads  to  lasing  on  lower 
loss  transitions  with  higher  J-values.  ORTL  output  spectra,  illustrated  in 
Figure  27,  show  a trend  similar  to  that  in  extracavity  cases  (see  section  2). 

To  compare  extracavity  and  intracavity  ORTL  amplitude  variations  at 
comparable  ORTL  power  levels,  the  chemical  laser  power  was  adjusted  to 
provide  the  same  pump  intensity.  Pumping  intensity  for  both  the  extracavity 
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Figure  26.  Chemical  laser  spectra  at  various  HF  ORTL  concentrations. 
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Figure  27.  ORTL  output  spectra  — intracavity  experiments. 


and  intracavity  cases  was  approximately  500  watts/cm  . ORTL  output 
was  comparable  for  both  cases. 

Typical  data  for  a series  of  extra-  and  intra-cavity  amplitude  measure- 
ments are  presented  in  Figures  28  to  33.  This  data  was  taken  using  the 
3mm  x 6 cm  rotated  ORTL  cell.  Figure  2 8 shows  the  output  from  an  efficient 
extracavity  ORTL.  It  is  presented  as  a standard  for  comparison  to  intra- 
cavity cases.  Figure  29  is  from  an  extracavity  ORTL  near  threshold.  It  is 
presented  to  illustrate  the  increased  temporal  variations  near  threshold, 
and  also  the  inverse  correlation  to  the  pump  laser  power,  discussed  below. 
Figures  30  to  33  show  results  from  intracavity  conditions  with  various  mole 
fractions  of  HF,  which  provide  up  to  40  percent  of  the  total  load  on  the 
chemical  laser. 

Figure  34  shows  that  the  multi-line  chemical  laser  amplitude  fluctua- 
tions are  unaffected  by  the  addition  of  an  intracavity  ORTL.  The  noise  is 
thought  to  be  due  to  acoustic  noise  from  supersonic  mixing  dynamics  in  the 
chemical  laser  cavity. 

Figure  35  shows  that  the  ORTL  amplitude  fluctuations  at  less  than 
3 kHz  are  larger  than  that  of  the  pumping  laser.  In  the  best  extra-  and 
intracavit/  cases,  the  ORTL  fluctuations  are  approximately  40  percent 
larger  than  those  of  the  chemical  laser.  In  fact,  the  intracavity  configuration 
exhibits  smaller  fluctuations.  These  ORTL  conditions  also  resulted  in  the 
highest  ORTL  output  power. 

Figures  29,  30,  and  32  show  that  the  ORTL  power  can  vary  oppositely 
to  the  total  chemical  laser  power.  (This  effect  is  much  reduced,  or  absent, 
in  Figures  28  and  31,  which  are  optimized  extra-  and  intra-cavity  cases.) 
This  effect  is  ascribed  to  variations  in  the  chemical  laser  spectral  distribu- 
tion on  the  acoustic  timescale  in  an  inverse  relation  to  total  multiline  power. 
The  medium  HF  intracavity  ORTL  (Figure  31)  is  less  affected  by  these  vari- 
ations than  are  the  cases  with  either  a higher  or  lower  mole  fraction  of  HF 
in  the  ORTL  medium.  Where  total  HF  number  density  is  low,  optimum 
J -distribution  is  necessary  to  produce  an  adequate  population  of  excited 
states  to  sustain  inversion.  Figure  29,  with  an  extremely  low  concentration 
of  HF,  shows  this  to  the  largest  extent;  it  is  at  threshold.  Figure  30,  an 
intracavity  ORTL  with  less  than  optimum  HF  concentration,  shows  this  to  a 
lesser  extent. 
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With  high  HF  concentration  (Figure  32)  the  OR  XL  has  begun  to  load  the 
chemical  laser  significantly,  changing  the  J -distribution  by  decreasing  the 
lower  J transitions,  and  also  decreasing  the  proportion  of  the  V = 1—^0 
transition  in  the  total  laser  power.  The  efficiency  of  pumping  with  this 
spectral  distribution  is  lower.  The  intracavity  irradiance  is  also  lower, 
and  the  sensitivity  to  J-distribution  is  thus  increased.  The  medium  HF 
condition  (Figure  31),  is  affected  by  neither  of  these  effects  to  a large 
extent. 

The  significant  results  of  the  experiments  reported  above  are: 

1.  The  intracavity  ORTL  had  no  significant  effect  on  the  multi-line 
chemical  laser  amplitude  fluctuation  at  ORTL  loads  up  to  40  percent 
of  the  total  losses.  Larger  losses  were  not  investigated. 

2.  The  amplitude  fluctuation  of  the  ORTL  output  was  not  dependent  on 
whether  the  ORTL  cell  was  extra-  or  intra-cavity. 

3.  In  both  the  extra-cavity  and  intra-cavity  cases,  the  ORTL  output 
had  greater  amplitude  fluctuations  than  the  multi-line  chemical 
laser. 

4.  The  inverse  correlation  between  the  chemical  laser  power  and  the 
ORTL  output,  observed  in  both  the  extracavity  and  intracavity 
configurations,  suggests  that  chemical  laser  J-distribution  is 
varying  in  a sense  opposite  to  the  total  power.  In  other  words, 
when  the  chemical  laser  is  producing  high  power  it  does  so  with 

a poor  J-distribution  for  ORTL  pumping.  The  observation  of 
this  phenomenon  in  the  extracavity  configuration  shows  that  this 
chemical  laser  fluctuation  is  not  produced  by  the  ORTL  cell. 
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Figure  28.  (Cont'd) 
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Figure  29.  (Cont'd) 
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Figure  30.  Intracavity  ORTL  temporal  characteristics  (low  HF) 
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Intracavity  ORTL  temporal  characteristics  (medium  HF) 
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Figure  31.  (Cont'd) 


67 


CHEMICAL 

LASER 

BASELINE 


CHEMICAL 

LASER 

SIGNAL 


WHS! 


ORTL 

BASELINE 


ORTL 

SIGNAL 


c.  100/JMc/div 


CHEMICAL 

LASER 

BASELINE 


CHEMICAL 

LASER 

SIGNAL 


ORTL 

BASELINE 


ORTL 

SIGNAL 


d.  10^iac/div 


PRESSURE 

78TORR  (0.1  ATMOSPHERE) 

MOLE  FRACTION  HF 

0.01 

LINES  08SERVED 

P2  (7)  (100%) 

PERCENTAGE  OF  LOAD  ON  CHEMICAL  LASER 

40.9 

ORT-L  POWER 

0.29  WATTS 

PUMP  INTENSITY 

425  W/CM2 

Figure  32.  (Cont'd) 
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Figuie33.  Intracavity  ORTL  configuration  chemical 
laser  temporal  characteristics  (no  HF). 
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4.0  BEAM  QUALITY 


ORTL  beam  quality  was  determined  by  measuring  the  far  field 
diffraction  pattern  of  the  output  beam.  A monochromatic,  uniform  intensity, 
plane  wave  incident  on  a circular  limiting  aperture  forms  an  Airy  pattern 
in  the  far  field.  The  Airy  pattern  is  characterized  by  a central  disc  with 
surrounding  rings  of  rapidly  decreasing  intensity.  The  fraction  of  the  power 
in  the  central  disc,  and  the  radius  of  the  disc,  are  well  known;  83.5  percent 
of  the  transmitted  power  will  fall  within  a diameter  E.44  RX/D,  where  X is 
the  wavelength  of  the  light,  D is  the  diameter  of  the  diffracting  aperture 
and  R is  the  distance  to  the  observation  plane.  This  provided  the  standard 
of  comparison  for  experimental  far  field  "power-in-the-bucket"  results. 
Varying  apertures  were  placed  in  the  far  field  observation  plane  and  the 
transmission  through  these  "buckets"  measured.  Beam  quality  can  then  be 
specified  by  the  square  root  of  the  ratio  of  the  ideal  power  transmitted  by 
an  aperture  to  the  measured  power  transmitted,  when  the  aperture  has  the 
diameter  of  the  Airy  disc.  Beam  quality  is  then  expressed  as  a multiple, 
n,  of  a diffraction  limited  beam,  where 

2 power  (ideal) 

power  (experimental) 

Alternatively,  the  approach  to  an  Airy  pattern  may  be  judged  by  the  radial 
distribution  of  the  power  in  the  far  field  as  measured  by  a series  of 
apertures . 

The  experimental  configuration  for  the  beam  quality  measurement  is 
shown  in  Figure  36.  In  this  experiment  the  ORTL  resonator  is  designed  to 
oscillate  in  a single  mode.  The  rotated  ORTL  cell  was  used  with  a semi- 
confocal  resonator  consisting  of  a 3 meter  radius  spherical  mirror  facing 
a flat  1.9  percent  outcoupler  at  a separation  of  150  cm.  The  gain  medium 
was  defined  by  the  ORTL  nozzle,  6 cm  x 0.  3 cm  and  by  the  height  of  the 
pumping  laser  radiation,  which  was  focused  to  0.35  cm.  An  internal 
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Figure  36.  Configuration  for  beam  quality  measurement. 


UNCLASSIFIED 


aperture  of  0.40  cm  diameter  was  used  to  eliminate  all  but  the  lowest  order 
mode.  The  output  of  this  simple  resonator  is  expected  to  be  a Gaussian 
plane  wave  with  the  diameter  at  the  1/e  intensity  points  equal  to  0.24  cm. 
Thus,  most  of  the  output  ORTL  power  was  transmitted  through  the  0.  24  cm 
limiting  aperture,  which  was  carefully  centered  on  the  output  beam  by 
maximizing  the  power  transmitted  through  it.  The  output  beam  was  then 
focused  by  a three  meter  radius  mirror  located  30  cm  from  the  limiting 
aperture . 
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The  output  of  the  resonator  is  initially  a plain  wave,  but  Fresnel 
diffraction  results  in  a divergent  beam  at  the  focusing  mirror.  The  radius 
of  curvature  Rj  at  this  clement  was  780  cm.  The  distance  from  the 
mirror  to  the  plane  in  which  the  far  field  was  simulated  is  given  by 


1 1 1 


where  f is  the  local  length  of  the  mirror.  In  this  case,  a 150  cm  focal 
length  mirror  was  used  and  R^  was  186  cm.  The  diameter  of  the  Airy  disc 
was  0.58  cm.  In  this  focal  plane,  a series  of  apertures  (or  "buckets")  of 
various  diameters  ranging  from  0.15  to  1.0  cm  were  carefully  positioned 
by  maximizing  the  power  transmitted  through  them.  The  fractional  power 
transmitted  by  each  of  these  second  apertures  was  measured  by  a pyroelec- 
tric radiometer  and  the  results  are  shown  in  Figure  37. 

Single  line  operation  was  obtained  by  operating  the  ORTL  cell  at  high 
HF  mole  fraction;  this  also  resulted  in  a much  larger  absorption  of  pumping 
laser  power  and  larger  heating  of  the  ORTL  medium.  The  results  are 
shown  in  Figure  38.  Figures  37  and  38  both  show  beam  quality  of  better 
than  1.05  times  diffraction  limited,  this  being  the  lower  limits  of  the  error 
bars.  The  data  includes  a range  of  ORTL  temperature  rises  over  which  we 
have  demonstrated  closed-cavity  overall  efficiencies  of  23  to  27  percent. 
Although  the  beam  quality  measurements  show  diffraction  limited  output, 
it  should  be  noted  that  even  severe  density  variations  in  the  short  ORTL 
medium  would  not  result  in  far  field  effects. 
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Figure  37.  Multi-line  beam  quality  measurement  results. 
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Figure  38.  Single-line  beam  quality  measurement  results. 
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